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Effect of fibroblast co-culture on the proliferation,
viability and drug response of colon cancer cells
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Abstract. Interactions between cancer cells and the
surrounding fibroblasts serve an important role in cancer
proliferation. Colon cancer co-culture model with colon fibro-
blasts and two metastatic models with lung and skin fibroblasts
were established, and the co-culture effects on colon cancer
cell proliferation, apoptosis and drug response were evalu-
ated. Co-culture with CCD-18Co and BJ reduces SW480 cell
proliferation by 4.2 and 5.3%, respectively, while WI-38 acts
as a positive regulator and increases SW480 cell prolifera-
tion by 36%. CCD-18Co and BJ co-culture can also enhance
XAV939 potency against SW480 cells by 16.8 and 27.3%;
however, WI-38 co-culture reduces the effect of XAV939 by
38.2%. The present results suggest that, depending on fibro-
blast type, co-culture can have a positive/negative influence
on colon cancer growth; therefore, care should be taken when
considering fibroblasts as a target for future cancer therapies.

Introduction

Colon cancer is the fourth most common cancer and is one of
the leading causes of cancer-related mortality in the United
States (1-5). Numerous therapies have been developed with
certain therapies involving direct targeting of the cancer,
modulating the immune system or blocking angiogenesis (6-9);
however, >60% have failed in clinical trials for various
reasons (10,11). This high failure rate in clinical trials has
caused there to be increasing research attention on the tumor
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microenvironment (TME) and on novel therapies capable
of targeting the TME (12-14). Previous studies have demon-
strated that colon cancer proliferation is not only dependent on
cell intrinsic properties, but is also greatly influenced by the
TME (15,16). Colon cancer cells may also modulate the TME
to create a more favorable environment for proliferation and
invasion (17,18). Therefore, the TME and its components may
serve as important factors in colon cancer proliferation (19,20).
Fibroblasts, as the building blocks of connective tissues, are
key components of the TME (21-23). It has been proposed that
cancer-associated fibroblasts (CAFs) aid tumors to grow and
are associated with all stages of cancer (24,25). Meanwhile,
other research has suggested that normal fibroblasts inhibit
cancer cell proliferation and metastasis at the during
early-stage cancer (26). While studies into CAFs and their
influence on cancer progression have been conducted (27,28),
systematic studies on fibroblasts and their co-culture effects
on the proliferation and drug response of colon cancer cells
are rare. Furthermore, interactions between colon cancer cells
and fibroblasts from different tissues are relatively unexplored
and may provide insight into the proliferation of early stage
or metastatic cancer. To address this unresolved subject, the
present study established 2D and anchorage-independent
colon cancer cell/fibroblast co-culture systems. Using these,
the co-culture effects of fibroblasts on cancer cell proliferation
and apoptosis were studied, with particular focus on the posi-
tive or negative regulatory role of different fibroblast cell lines
on colon cancer growth. In addition, the response of colon
cancer cells to the Wnt/p-catenin inhibitor XAV939 as well
as other anticancer agents, including 5-fluorouracil (5-FU),
doxorubicin (DOX), camptothecin (CPT) and irinotecan
(IRI), was examined in the presence or absence of fibroblasts
to determine the co-culture effects.

Materials and methods

Cells and reagents. The SW480, HT-29, DLD-1 and Caco-2
colon cancer cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Lung
fibroblasts (WI-38), skin fibroblasts (BJ) and colon fibroblasts
(CCD-18Co) were also purchased from the ATCC. Ultrapure
water (molecular biology grade), RPMI-1640 medium, fetal
bovine serum (FBS), 10x tris-buffered saline and Dulbecco's
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phosphate-buffered saline were purchased from Welgene
(Gyeongsan, Korea). RPMI-1640 medium powder, TrypLE
Express and penicillin-streptomycin were purchased from
Thermo Fisher Scientific, Inc., (Waltham, MA, USA). Agar
powder,agar solubilization solution, 8x lysis buffer and Cygant®
GR dye were purchased from Cell Biolabs, Inc., (San Diego,
CA, USA). Cell culture flasks (25 and 75 cm?), cell culture
dishes (60x15 mm), 24-well clear flat-bottom TC-treated
multiwall cell culture plates and 6.5-mm Transwell® polycar-
bonate membrane inserts with 0.4-um pores were purchased
from Corning (Corning, NY, USA). XAV939, IRI, CPT, DOX
and sodium bicarbonate were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). 5-FU and a Muse
Caspase-3/7 assay kit were also from Merck KGaA. A Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
Laboratories (Kumamoto, Japan). Pre-cast gels for western
blotting were purchased from Bio-Rad Laboratories, Inc.,
(Hercules, CA, USA). Amersham™ ECL™ Select western
blot detection reagent was purchased from GE Healthcare
(Chicago, IL, USA).

Colon cancer cell co-culture with fibroblasts. The SW480,
HT-29, DLD-1 and Caco-2 colon cancer cells and WI-38,
CCD-18Co and BJ fibroblasts were cultured in RPMI-1640
medium supplemented with 10% FBS and 1% penicillin-strep-
tomycin at 37°C in a 5% CO, incubator. For the co-culture,
30,000 SW480, HT-29, DLD-1 and Caco-2 cells were
seeded onto 24-well plates with 500 1 RPMI-1640 medium.
Additionally, 30,000 WI-38, CCD-18Co and BIJ cells were
seeded onto Transwell® inserts with 100 1 RPMI-1640
medium. After 6 h, the fibroblasts seeded onto Transwell®
inserts were transferred to a 24-well plate for co-culturing
with colon cancer cells. As a blank control, 100 1 RPMI-1640
medium without fibroblasts in Transwell® inserts was prepared.
Media were replaced with fresh RPMI-1640 medium every
2 days. Colon cancer cell proliferation on day 5 in the pres-
ence or absence of fibroblasts was determined with a CCK-8
assay. Briefly, 50 1 CCK-8 solution was added to each well
and incubated for 2 h, following which the absorbance at
450 nm was measured using a microplate reader (SpectraMax
i3; Molecular Devices, San Jose, CA, USA). The apoptotic rate
of co-cultured colon cancer cells was measured with a Muse®
cell analyzer (Merck KGaA) using the Muse® Caspase-3/7
Assay kit. Cell images were obtained using an Olympus IX 73
inverted microscope (Tokyo, Japan).

Anchorage-independent colon cancer cell culture. To
optimize anchorage-independent cell culture, 200-350 pl of
0.1-2.5% agar solution was mixed with RPMI-1640 medium
containing 5,000-200,000 colon cancer cells, solidified at 4°C
for 3-30 min in 24-well plates and cancer cell proliferation
was assessed. Following optimization, 300 ul of 0.6% agar
mixed with RPMI-1640 medium containing 30,000 colon
cancer cells was solidified for 20 min at 4°C on top of 200 ul
of 0.6% agar containing RPMI-1640 medium. Subsequently,
400 ul RPMI-1640 medium was added to each well. For
fibroblast co-culture, 30,000 WI-38, CCD-18Co or BJ cells
seeded in 24-well Transwell® inserts were placed on top of
anchorage-independent cultured colon cancer cells. For quan-
titation of anchorage-independent colon cancer cell growth,
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the agar-cell layer was solubilized and fluorescence at 520 nm
was measured following the addition of CyQuant® dye. The
apoptotic rates of the anchorage-independent cultured colon
cancer cells were measured with the Muse® cell analyzer and
the Muse® Caspase-3/7 assay Kkit.

Colon cancer cell proliferation in fibroblast conditioned
medium. Fibroblast conditioned RPMI-1640 medium, after
2 days of incubation with 1x10° WI-38, BJ and CCD-18Co cells,
was collected and centrifuged twice at 700 x g for 3 min to
remove dead cells/cellular debris. Supernatants were collected
and diluted with fresh RPMI-1640 medium and incubated
with 2D/anchorage-independent colon cancer cells. Fibroblast
conditioned media were replaced every 2 days. After 4 days of
colon cancer cell/fibroblast conditioned medium co-culture,
cells were collected, and rates of proliferation and apoptosis
were measured as above.

Co-culture effect on cancer cell proliferation following
anti-cancer drug treatment. A total of 30,000 SW480,
HT-29, DLD-1 and Caco-2 cells were seeded/mixed with
agar in 24-well plates in the presence/absence of WI-38, BJ
or CCD-18Co fibroblasts. High concentrations of anti-cancer
drugs were used to induce strong reduction in colon cancer
cell viability and reveal the effect of fibroblast co-culture.
Specifically, 0.1-100 uM XAV939 was added on day 2 to
the co-cultured colon cancer cells. Cell culture medium
was replaced with fresh RPMI-1640 medium containing
0.1-100 yM of XAV939 on day 4 and cell proliferation was
measured on day 5. For other anti-cancer drugs, 10 uM
5-FU, IRI, CPT or DOX was added to the colon cancer cells
on day 2, and fresh RPMI-1640 medium containing equal
concentrations of 5-FU, IRI, CPT or DOX was added on
day 4, and cell proliferation was measured on day 5. DLD-1,
HT-29 or Caco-2 cell anti-cancer drug tests were conducted
as afore described with SW480 cells.

Statistical analysis. Statistical analysis was performed using
Origin (v.8.1; OriginLab, Northampton, MA, USA) and
GraphPad Prism (v.6; GraphPad Software, Inc., La Jolla, CA,
USA). Each experiment was performed in triplicate and values
were expressed as the mean + standard deviation. Statistical
significance were examined by analysis of variance with
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Effect of fibroblast co-culture on colon cancer cell
proliferation. To determine the influence of fibroblast
co-culture on colon cancer cell proliferation, a non-contact
co-culture system was established. Briefly, SW480, DLD-1,
HT-29 or Caco-2 cells were seeded onto a 24 well plate, and
three different fibroblasts (WI-38, BJ or CCD-18Co) were
placed on inserts and co-cultured with the colon cancer cells.
SW480 cells exhibited a 36% increase in proliferation rate in
the presence of WI-38 cells, while showing little or no changes
in proliferation rate in the presence of BJ or CCD-18Co cells
(Fig. 1A and B). WI-38 co-culture decreased SW480 cell apop-
tosis by 26.3%, while BJ or CCD-18Co co-culture had little or
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Figure 1. Effect of WI-38, BJ and CCD-18Co cells on colon cancer cells. (A) 2D growth morphology of SW480 cells. (B) Cell proliferation determined by Abs
and (C) apoptotic ratio of SW480, Caco-2, HT-29 and DLD-1 cells. Error bars represent the standard deviation of three replicates. "P<0.05, as indicated. Scale

bars, 50 ym. Abs, absorbance.

no effect, compared with the controls (SW480 cells without
fibroblasts; Fig. 1C). Higher proliferation rates for SW480
cells were observed at the center of the well where co-cultured
WI-38 cells were closer (Fig. 1A). This was not observed for
SW480 cells co-cultured with BJ or CCD-18Co cells. HT-29,
DLD-1 and Caco-2 cells co-cultured with fibroblasts exhibited
similar results, wherein WI-38 cells induced increases in cell
proliferation with increased cell proliferation while BJ and
CCD-18Co cells induced decreases in cell proliferation with
decreased cell proliferation (Fig. 1B and C).

Fibroblast co-culture and anchorage-independent colon
cancer cell growth. To verify the effects of fibroblasts on 3D
colon cancer cell growth, an anchorage-independent SW480
cell co-culture was conducted (29). Prior to the fibroblast
co-culture, the agar concentration, matrix volume, agar solidi-
fying time and colon cancer cell seeding number was optimized
to determine proliferative anchorage-independent cell culture
conditions (Fig. 2A-D). The degree of colony formation
differed by cell type, and SW480 cells exhibited the highest
colony formation efficiency followed by Caco-2, HT-29 and
DLD-1 cells (Fig. 2E). Following optimization, colon cancer
cells in an agar layer were co-cultured with fibroblasts, and
colon cancer cell proliferation, apoptotic and colony formation
rates were monitored. Average cell colony diameter increased
by 39.4% (day 6) and 56.6% (day 14) when SW480 cells were

co-cultured with WI-38 cells (Fig. 3A and B). By contrast, BJ
or CCD-18Co co-culture did not induce a significant change
in cell colony diameter (Fig. 3A and B). WI-38 cell co-culture
induced a 24% increase in SW480 cell proliferation, while
co-cultures with BJ and CCD-18Co cells decreased the
apoptotic rate of SW480 cells by 3.2 and 4.3%, respectively,
by day 8 (Fig. 3C). WI-38 and BJ cell co-cultures induced
an 84 and 23.3% increase, while that with CCD-18Co cells
induced a 7.8% decrease, in the SW480 cell colony forming
rate (Fig. 3D). WI-38 cell co-culture induced a 22.4% decrease
in the apoptotic rate of anchorage-independent SW480 cells,
whereas BJ and CCD-18Co cell co-cultures induced a 2.3%
decrease and a 17% increase in the SW480 cell apoptotic rate,
respectively (Fig. 3E).

Colon cancer cell growth in fibroblast-cultured medium.
Proliferation and apoptotic rates of SW480 cells were moni-
tored in the presence of WI-38, BJ or CCD-18Co conditioned
medium to determine whether the co-culture effects were
mediated by factors released from the fibroblasts. WI-38,
BJ and CCD-18Co conditioned media were mixed (1:3,
1:1 ratio) or unmixed with fresh RPMI-1640 medium and
used for 2D/anchorage-independent culture of SW480 cells.
Increasing concentrations of WI-38 conditioned medium
induced higher rates of proliferation in 2D-cultured SW480
cells (35.3, 49.1 and 95.3% increases for 1/4, 1/2 and full
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WI-38 conditioned medium, respectively; Fig. 4A and B).
Proliferation of anchorage-independent SW480 cells also
increased by 17.7, 24.3 and 46.2% in the presence of 1/4, 1/2
and full WI-38-cultured medium, respectively (Fig. 4B). The
apoptotic rates of 2D and anchorage-independent SW480
cells changed by >5% in the presence of WI-38 conditioned
medium (Fig. 4C). BJ conditioned medium induced a
decrease in 2D and anchorage-independent cultured SW480
cell proliferation by 33.8 and 15.8%, respectively, while
CCD-18Co conditioned medium reduced proliferation in 2D
and anchorage-independent SW480 cells by 34.3 and 18.4%,
respectively (Fig. 5A). BJ and CCD-18Co conditioned media
did not induce >5% changes in the apoptotic rates of 2D and
anchorage-independent SW480 cells (Fig. 5B).

Fibroblast co-culture effect on colon cancer cell drug
responses. Additionally, it was investigated whether fibroblast
co-culture could mediate changes in cancer cell responses to
anti-cancer drugs. XAV939 exerted low anti-cancer activity
against 2D-cultured SW480 cells, causing a 40.5% decrease
in cell proliferation at 100 uM (Fig. 6A). BJ and CCD-18Co
co-cultures induced 1.1 and 2.1% increases in XAV939
sensitivity, respectively (Fig. 6A). WI-38 co-culture increased
SW480 proliferation by 27.5% against 100 uM XAV939
(Fig. 6A). Anchorage-independent SW480 cells were more
sensitive to treatment with XAV939 (Fig. 6B); at 10 uM,
XAV939 reduced the proliferation of anchorage-independent
SW480 cells by 29.7%, and 100 uM XAV939 decrease SW480
proliferation by 96.1% (Fig. 6B). BJ and CCD-18Co co-cultures
enhanced the anti-cancer activity of 10 uM XAV939 by
16.8 and 27.5%, respectively. By contrast, WI-38 co-culture
reduced XAV939 activity by ~38.2% over a 10-50 yM range.
Additionally, the anti-cancer activity of 5-FU, IRI, CPT
and DOX (10 uM single concentrations) was tested against
2D/anchorage-independent SW480 cells. WI-38 co-culture
reduced the anti-cancer activity of IRI by 33.8%, and of Dox by

55.7%, in 2D-cultured SW480 cells, while BJ and CCD-18Co
co-culture only exhibited <10% activity differences for all 4
drugs (Fig. 6C). For anchorage-independent SW480 culture,
WI-38 co-culture reduced anti-cancer activity by 17.4 (5-FU)
to 48.6 (DOX)%, while BJ and CCD-18Co co-cultures
enhanced anti-cancer activity by on average 16.2 and 23.5%
in anchorage-independent SW480 cells, respectively (Fig. 6D).
The effect of co-culture on the anti-cancer activity of XAV939
against the 3 other initial colon cancer cell lines (HT-29,
DLD-1 and Caco-2) was also tested. Similar to its effect
with SW480 cells, WI-38 co-culture reduced the anti-cancer
activity of XAV939 against HT-29, DLD-1 and Caco-2 cells,
while BJ or CCD-18Co co-culture only slightly enhanced the
anti-cancer activity (Fig. 7A-F).

Discussion

Previous studies have shown that the CAF secretome includes
angiogenic factors (vascular endothelial growth factor
and fibroblast growth factor 1), growth factors [epidermal
growth factor (EGF) and transforming growth factor-f] and
matrix-modulating factors (matrix metalloproteinases and
tissue inhibitors of metalloproteinases), aiding cancer cells to
survive, proliferate and become invasive (30-32). Other studies
have suggested that normal fibroblasts serve as negative
modulators of cancer and inhibit cancer growth and metas-
tasis (26,33). Additionally, decreases in the anti-cancer drug
responses of cancer cells co-cultured with fibroblasts have been
observed, and factors produced by co-cultured fibroblasts have
been shown to promote tumor cell proliferation and resistance
against anti-tumor agents (34,35). These findings warranted
investigation into whether different types of fibroblasts have
different impacts on colon cancer cell proliferation and drug
response. In this study we have selected colon fibroblasts
(CCD-18Co), lung fibroblasts (WI-38) and skin fibroblasts
(BJ) for co-culture with colon cancer cells to mimic the colon
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cancer microenvironment and two highly metastatic sites of
colon cancer (36,37). Colon cancer cells with low (Caco-2
and HT-29), medium (SW480) and high (DLD-1) invasive-
ness (38,39) were selected. A non-contact co-culture system
was adopted using an insert so that the cancer cell/fibroblast
interactions could be achieved via the sharing of culture
medium through micropores. Furthermore, proliferation,
apoptosis for each could be successfully determined as the two
cell types were physically separated by membranes.

The present data suggested that SW480 cells co-cultured
with WI-38 cells were significantly promoted to undergo
cell proliferation, with little or no changes in apoptotic rate,
compared with controls. To determine whether the co-culture
effect was induced by factors released from the fibroblasts,
SW480 cells were cultured in WI-38 conditioned medium and
the effects on colon cancer cell progression were monitored.
SW480 cells exhibited increased proliferation in the presence
of the WI-38 conditioned medium, as compared with the
controls. This suggests that factors in the WI-38 conditioned
medium have a pro-proliferative effect on colon cancer cells.
Additionally, BJ and CCD-18Co co-culture induced a decrease

in SW480 cell proliferation, but did not induce changes in
apoptotic rate. Previous studies have demonstrated that cancer
cell proliferation is not only associated with apoptosis but also
with various other factors, and that the balance between anti-
and pro- apoptotic gene expression overall contributes to tumor
proliferation and progression (40,41). SW480 cells cultured
with BJ or CCD-18Co conditioned medium also exhibited
decreased proliferation. This suggests that fibroblast co-culture
influences colon cancer cell proliferation is dependent on cell
type, and its effects on cancer cells are more complex than
simply differentiating between normal fibroblasts and CAFs.
Further tests were conducted to investigate whether fibroblast
co-culture influences anchorage-independent cultured colon
cancer cells. Prior to co-culture, the anchorage-independent
culture protocol was optimized to determine the best condi-
tions for colon cancer cell proliferation; this was determined to
be sensitive to matrix volume, concentration, solidifying time
and the number of cells in each matrix. Colon cancer cells
formed multiple colonies after 3 days of anchorage-indepen-
dent culture. Different degrees of colony forming efficiency
were observed between 4 different colon cancer cell types;
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however, correlations between colon cancer cell invasiveness
and colony formation ability were not observed using this
system. Colon cancer cells that underwent anchorage-indepen-
dent culture exhibited an average 3.2-fold increase in apoptotic
rate when compared with those in 2D culture. It is speculated
that higher apoptotic rate in anchorage-independent culture
may be attributed to the hypoxic condition of the system (42).

Following protocol optimization, colon cancer cells
in an agar matrix were co-cultured with WI-38, BJ and

CCD-18Co cells. WI-38 cells not only induced an increase
in colon cancer cell proliferation, but also induced and
increase in colon cancer cell colony size and colony forming
rate. BJ and CCD-18Co fibroblasts decreased colon cancer
cell proliferation while having little or no effect on colony
forming efficiency. It was further evaluated whether fibro-
blast co-culture modulated the anti-cancer drug response of
colon cancer cells. The Wnt signaling inhibitor XAV939 was
selected as a test drug to apply to colon cancer cells, since
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aberrant WNT signaling is recognized as an early event in
the development of colorectal cancer (43). BJ and CCD-18Co
co-cultures caused >3% changes in the response of cancer cells
to XAV939, while WI-38 co-culture significantly reduced the
XAV939-sensitivity of colon cancer cells. 2D and anchorage
independent SW480 cultures exhibited disparate responses to
XAV939. Kim et al (44) suggested that this difference can be
attributed by differential expression of lactate dehydrogenase

A and gelsolin. The effect of 5-FU, IRI, CPT and DOX on
the colon cancer-fibroblast co-culture system was also tested
to investigate the relationship between different signaling
pathways and cell proliferation in the anchorage independent
condition. It has been reported that 5-FU induces mito-
chondrial apoptosis in colon cancer cells lacking p53, while
IRI, CPT and DOX inhibit topoisomerase resulting in DNA
damage and apoptosis (45-47). Against these anti-cancer
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agents (5-FU, IRI, CPT and DOX), WI-38 co-culture also
reduced the colon cancer cell drug response. By contrast, BJ
and CCD-18Co co-cultures increased sensitivity to all 5 drugs
tested, further supporting their role as negative regulators of
cancer cell proliferation. Similarly, WI-38 conditioned medium
enhanced colon cancer cell proliferation while causing little or
no decrease in the rate of apoptosis, whereas BJ/CCD-18Co
medium reduced colon cancer cell proliferation. However, the
mechanism underlying the interaction between colon cancer
cells and fibroblasts are not yet fully understood, and our
group is currently investigating protein, metabolite and lipid
expression patterns associated with colon cancer growth in the
presence of fibroblasts. As pS3 might play on important role in
the cancer microenvironment, we are currently investigating
its role in cancer proliferation.

In conclusion, fibroblasts may act as positive or nega-
tive regulators of colon cancer cell proliferation depending
on the fibroblast cell type. Factors released by different
types of non-cancerous fibroblasts may have an impact on
cancer cell proliferation, apoptosis and drug responses.
Thus, when targeting TME to treat specific cancers, fibro-
blasts in the tissue should be carefully examined and either
positive/negative modulation of the TME should be applied
depending on the prevailing fibroblast-mediated regulation
of cancer.
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